In this paper we use the finite size Lyapunov Exponent (FSLE) to characterize Lagrangian coherent structures in three-dimensional (3d) turbulent flows. Lagrangian coherent structures act as the organizers of transport in fluid flows and are crucial to understand their stirring and mixing properties. Generalized maxima (ridges) of the FSLE fields are used to locate these coherent structures.
Abstract.
In this paper we use the finite size Lyapunov Exponent (FSLE) to characterize Lagrangian coherent structures in three-dimensional (3d) turbulent flows. Lagrangian coherent structures act as the organizers of transport in fluid flows and are crucial to understand their stirring and mixing properties. Generalized maxima (ridges) of the FSLE fields are used to locate these coherent structures.
Three-dimensional FSLE fields are calculated in two phenomenologically distinct turbulent flows: a wall-bounded flow (channel flow) and a regional oceanic flow obtained by numerical solution of the primitive equations where two-dimensional turbulence dominates.
In the channel flow, autocorrelations of the FSLE field show that the structure is substantially different from the near wall to the mid-channel region and relates well to the more widely studied Eulerian coherent structure of the turbulent channel flow. The ridges of the FSLE field have complex shapes due to the 3d character of the turbulent fluctuations.
In the oceanic flow, strong horizontal stirring is present and the flow regime is similar to that of 2d turbulence where the domain is populated by coherent eddies that interact strongly. This in turn results in the presence of high FSLE lines throughout the domain leading to strong non-local mixing. The ridges of the FSLE field are quasivertical surfaces, indicating that the horizontal dynamics dominates the flow. Indeed, due to rotation and stratification, vertical motions in the ocean are much less intense than horizontal ones. This suppression is absent in the channel flow, as the 3d character of the FSLE ridges shows.
Introduction 1
Lagrangian eddies in 3d were obtained in Refs. [34, 35] , by applying the methodology of 48 lobe dynamics and the turnstile mechanism. Also, Refs. [36, 37] used 3d FSLE fields to 49 identify LCS in oceanic flows. In particular, a mesoscale eddy in the Southern Atlantic 50 was studied in [37] , and it was shown that oceanic LCSs presented a vertical curtain-like 51 shape, i.e. they look mostly like vertical sheets, and that material transport into and 52 out of the mesoscale eddy occurred through filamentary deformation of such structures.
53
In this paper, we use 3d fields of FSLE to identify LCSs in a turbulent channel flow 54 and in an oceanic flow. Observations of the similarities and differences between the two 
62
In order to study non-asymptotic dispersion processes such as stretching at finite scales 63 and bounded domains, the finite size Lyapunov Exponent was introduced [1, 2, 3] . It is 64 defined as:
66
where τ is the time it takes for the separation between two particles, initially d 0 , to reach of strong separation between particles, i.e., regions that will exhibit strong stretching 71 during evolution, that can be identified with the LCS [3, 10, 6] .
72
In principle, to compute FSLE in 3d, the method of [6] can be extended to
73
include the third dimension, by computing the time it takes for particles initially 
88
The distances of each neighbor particle with respect to the central one (initially d 0 ) is 89 monitored until one of the separations reaches a value d f .
90
In both systems considered, we obtain two different types of FSLE maps by 91 integrating the three-dimensional particle trajectories backward and forward in time:
92 the attracting LCSs (for the backward), and the repelling LCSs (forward) [10, 6] . We 93 obtain in this way FSLE fields with a spatial resolution given by d 0 . Hessian H, a d -dimensional height ridge is given by the conditions
117
where α i , i ∈ {1, 2, . . . , n}, are the eigenvalues of H, ordered such that α 1 ≥ . . . ≥ 118 α n , and e i is the eigenvector of H associated with α i . For n = 3, Eq. (2) becomes 119 g T e 3 = 0 and α 3 < 0.
In other words, in R 3 the e 1 , e 2 eigenvectors point locally along the ridge and the 121 e 3 eigenvector is orthogonal to it, so the ridge maximizes the scalar field in the normal 122 direction to it and in this direction the field is more convex than in any other direction,
123
since the eigenvector associated with the most negative eigenvalue is oriented along the 124 direction of maximum negative curvature of the scalar field. 
allows to compute u τ from measurements of the mean velocity profile from the 175 simulations. A length scale can be formed by combining u τ with ν: the wall scale Re τ = δ/δ + is simply the ratio between the two relevant length scales.
179
The existence of coherent structures in turbulent wall-bounded flows has been which has become rather complete from the Eulerian point of view [44, 45] . Our 186 approach is a contribution to the Lagrangian exploration of these coherent structures,
187
as in [24] and [46] .
188
The longitudinal velocity field in the inner region of the channel (the viscous 
Results

226
The LCS were extracted from the turbulent velocity field data described in the previous Table 1 . Simulation parameters. Quantities with + refer to wall units. L x , 2δ and L z are the domain sizes in the x, y and z directions. ∆x + , ∆y + and ∆z + are the respective spatial resolutions (given at the first point above the wall for the y case), and n x , n y and n z the corresponding number of grid points. Re = U δ/ν is the Reynolds number based on the channel center mean speed, whereas Re τ = u τ δ/ν is the viscous Reynolds number. The nominal value is an input to the computer code, and the actual value comes by using Eq. (7) for the computed mean profile U (y).
Re channel center 4000
Re τ nominal 180 Table 2 . FSLE calculation parameters. dt is the integration time step and ∆t the maximum integration time. (this location corresponds to the first grid point off the wall).
252
Because of the periodic boundary conditions in the x and z directions the 253 average profiles along these directions are rather unstructured, and we resort to FSLE profile averaged over (x, z), as a function of the cross-stream normalized coordinate y + . Only half of the channel is shown since the profile is quasisymmetric about the channel centerline.
From this quantity we define the streamwise
258
R xx (y + ;x + ) correlation function as:
260
and the spanwise R zz (y
262
In the above equations the averages are over the periodic directions 
290
The near wall fluid is advected away from the wall by the action of these vortices.
291
This mechanism could be responsible for very fast particle separation in particle pairs 292 where one particle is lifted away and the other remains in the low speed zone close to the 293 wall. We note that the particle separation would increase not only by the wall normal 294 distance between particles but also because the ejected particle would move to a region 295 with higher streamwise velocity. Shear layers near the wall is another possible way to 296 produce large particle dispersion. These mechanisms would explain the fact that the 297 maximum average FSLE is located so close to the wall and not on the buffer region where turbulence production is larger. To conclude, we note that these high FSLE regions near line is seen to be located at the boundary between both vortices. In section 3.2.3, we 335 present a 3d view of these structures and their evolution in time. turbulent boundary layer velocity field obtained by time-resolved PIV measurements.
340
The FTLE maxima were found to move with the mean flow velocity.
341
We measured the propagation velocity of the FSLE field perturbation using a space-342 time correlation of the form: delay is fixed and the propagation velocity is defined as
347 whereX + is the streamwise lag for which R uu is maximum. The choice of the time (11) was equal to dt + . All larger delays produced correlations with no significant peak.
355
A reason for this could be the fact that by setting the FSLE final distance the length 356 scales of turbulence retained in the FSLE field is fixed, and then there will be only one 357 time delay producing a peak in the correlation (10), specifically that corresponding to 358 V + .
359
The profile of the propagation velocity is shown in figure 12 . The propagation in [37] .
401
The three-dimensional FSLE fields were calculated for a 30 day period starting for the barriers and pathways controlling transport [6, 11] .
420
At this point, it may help to stress the differences between the Eulerian and
421
Lagrangian detection of coherent structures. This can be seen in figure 15 where the 422 boundaries of a mesoscale eddy are shown using the Q-criterion and the attracting and
423
repelling LCS. The Q-criterion [54] uses the second invariant of ∇u:
425
where Ω 2 = tr(ΩΩ T ), S 2 = tr(SS T ), and Ω, S are the antisymmetric and flows. These constitute the pattern determining the pathways of particle transport in 450 the flow and thus strongly influence the transport and mixing properties in the fluid.
451
In this paper we have used a particular type of Lyapunov exponents, the so-called The main difference between these two 3d turbulent flows with respect to the LCSs 
